Introduction
Organic solvents are widely used in the production of natural food additives; for extraction, precipitation, purification and recrystallization. In Japan, the use of organic solvents in the production of natural food additives (Existing Food Additives; natural food additives which had been distributed on the market by May 24 1995, at the time of the amendment of Food Sanitation Law, and were complied and published by the Ministry of Health and Welfare in the List of Existing Food Additives) is restricted by the Standard for Manufacturing of Food Additives, which came into force in 2000. The standard defines solvents permitted for the production of those natural food additives, as well as residual limits in the final products῍ 1 . However, the standard applies to only a part of (27 out of 418) Existing Food Additives. Surveys conducted between 1990 and 1999 on the Japanese market detected various organic solvents in food additives other than these 27 additives 1)ῌ4) , which suggests the use of organic solvents in the manufacturing process of these food additives.
Some food additives are used as health food materials. Since health foods are consumed in larger amounts than food additives, residual solvents in these food additives would be of concern. Other than food additives, various plant or animal extracts are used as health food materials. Use of organic solvents other than ethanol for the production of health food materials is basically prohibited by the Food Sanitation Law῍ 2 . This study was disigned to survey organic solvent residue levels in Existing Food Additives and health food materials, as well as in commercial health food products. Standard addition head-space GC methods 1) ῌ5) were used for the analysis of residual solvents.
Experimental

Samples
Existing Food Additives (nῌ145), health food materials (nῌ23), and commercial health foods (nῌ19) were collected from the Japanese market between 1999 and 2006. Defatted soybean (nῌ3) was donated by a manufacturer, and used as a reference sample.
Instruments
The GC system comprised a gas chromatograph (FID, HP5890 series II, Agilent Technologies Inc., Santa Clara, U.S.A.) and a head-space sampler (HS-40 Automatic Headspace Sampler, PerkinElmer, Norwalk, U.S.A.). The GC/MS system comprised a mass spectrometer Automass 50 (EI, JEOL Ltd., Tokyo, Japan) and a gas chromatograph (HP5890 series II, Hewlett Packard, Palo Alto, U.S.A.). Another GC (GC-2.) FID HP6890, Agilent Technologies Inc.,) was used for the determination of high levels of methanol and ethanol.
Standard solutions for the standard addition method
Stock standard solutions for each solvent were prepared as follows: A 1 g aliquot of methanol, ethanol, isopropanol, methyl acetate, and a 0.6 g aliquot of acetone, dichloromethane, 1,2-dichloroethane and meth- ylethylketone were each dissolved in 50 mL of ethylene glycol (EG). A 1 g aliquot of diethyl ether, ethyl acetate, a 0.6 g aliquot of 1,1,2-trichloroethene and a 0.5 g aliquot of hexane were each dissolved in 50 mL of diethylene glycol monoethyl ether. A stock standard solution mixture was prepared by placing 1 mL of appropriate stock solutions in a 25 mL volumetric flask, and filling the flask with EG up to 25 mL. Further dilution with EG or dimethylsulfoxide (DMSO) was conducted to prepare various concentrations of standard solution mixture. The lowest level contained 6.25 mg/mL hexane, 7.5 mg/mL, e.g., acetone, and 12.5 mg/mL, e.g., methanol. For the determination of hexane in defatted soy bean, standard solutions of hexane alone were prepared.
Sample preparation
Sample solutions for the standard addition method were prepared as follows:
(a) Liquid samples A 0.2 g portion of each sample was weighed in 5 vials of 22 mL volume. Then 1 mL of toluene was added for tomato color and alkanet color (both paste-type), to facilitate extraction of enclosed solvents. Three standard solution mixtures containing concentrations of approximately half, one-fold and two-fold the residual solvent level in the sample were chosen, and 50 mL of each standard solution was added to 3 of the 5 vials. For saw palmetto extract and paprika oleoresin, standard solutions prepared in DMSO were added. A 50 mL volume of EG or DMSO was added to the remaining two vials, to make the matrix of the sample solution in the vials for unspiked portions equivalent to that in vials spiked with standard solutions. The vials were capped, and placed in the oven of the head-space sampler.
(b) Powder, tablet and solid mass Samples of tablet or solid mass were powdered either manually or mechanically with a co#ee-mill. A 0.2 g portion of each sample was weighed in a same manner as described for liquid samples. Then 1 mL of water and a small stirring rod were added to the sample. Two mL of water was used for chitosan and defatted soybean, 4 mL of water was used for chitin and tamarind seed gum, and 10 mL of water was used for psyllium seed gum and hyaluronic acid. Standard solution mixtures were added in a similar manner to that described for liquid samples. The vials were capped, left overnight, stirred for 15 minutes with the magnetic stirrer, and placed in the oven of the head-space sampler.
Head-space GC
A 25 mῌ0.32 mm i.d. column (Poraplot Q, film thickness 10 mm, Varian Chrompack International D.V., Middelburg, The Netherlands) was employed for GC. The column oven temperature program was as follows: 145῎(2 min)ῐ 5῎ /minῐ150῎ (0 min)ῐ 10῎ /minῐ 240῎(10 min). The injection temperature was 180῎, and the detector temperature was 250῎ (FID). The head-space was sampled as follows: for liquid samples and defatted soybean, the vial was kept at 50῎ for 40 minutes, pressurized for 3 minutes and injected for 0.1 minute into the GC column. The needle temperature was 160῎ and the transfer line temperature was 170῎. For powder samples, the vial was kept at 60῎ for 40 minutes. Carrier gas was supplied through the headspace sampler at 170 kPa. The transfer line of the head-space sampler was connected in series to the GC separation column with an uncoated capillary tube and press-fit connectors.
Quantification
Quantification was performed by the standard addition method 1)ῌ5) . Calibration curves were prepared for each run and only curves with r῍0.99 were used.
GC/MS analysis
Peak identity was checked by GC/MS using (a) a 10 mῌ0.32 mm i.d. column (PoraPlot Q, film thickness 10 mm, Varian Chrompack International D.V.); the column oven temperature program and injection temperature were the same as described in section 5. Head-space GC was conducted as reported 4) , or (b) with a 25 mῌ0.25 mm i.d. column (PoraBond Q, film thickness 3 mm, Varian Chrompack International D.V.), with the column oven temperature 90῎(2.5 min)ῐ40῎/minῐ130῎(5 min)ῐ20῎/minῐ240῎(10 min). A vial was placed in a water bath at 50῎ for 20 minutes. A 500 mL portion of head-space created in the vial was injected manually with a 1 mL gas-tight syringe by split injection. The ion source temperature was 108῎, the interface temperature was 250῎ and the scanned mass ranged from 25 to 150 (or 30 to 250).
Determination of high levels of methanol and ethanol
High levels of methanol and ethanol (exceeding approx. 200 mg/g) were determined as follows. A 0.5 g aliquot of the sample was weighed in a flask, dissolved in water, and the flask was capped and left overnight. The sample solution was made up to 10 or 50 mL with water, and centrifuged, then 1 mL of the supernatant was injected into the GC-2 by split injection (split ratio 30 : 1). GC conditions were; column: 30 mῌ0.25 mm i.d. (DB-WAX, film thickness 0.5 mm, Agilent Technologies Inc., the column oven temperature program: 80῎ (2 min)ῐ10῎/minῐ180῎(0 min), the injection temperature: 150῎, and the detector temperature: 220῎ (FID). Calibration curves were prepared by injecting 1 mL each of a series of standard methanol/ethanol solutions, containing 2.5 to 2,000 mg/mL in water.
Results and Discussion
Methods
(a) Carrier solvent for standard solution In the previous studies 1)ῌ4) , ethanol was used as a carrier solvent for standard solutions which were added to the sample in the standard addition method. Ethanol is advantageous, because it mixed well with all of the 11 analytes (methanol, acetone, dichloromethane, 2-propanol, methyl acetate, diethyl ether, methylethylketone, ethyl acetate, 1,2-dichloroethane, hexane and 1,1,2-trichloroethene) and with popular carrier solvents for natural food additive premixes (water, propylene glycol and glycerin). In this study, we attempted to determine the 11 solvents and ethanol simultaneously. Hence, the carrier solvent for the standard solution should be other than ethanol. In addition, it should mix well with water which is used to disperse powder samples. In simultaneous determination of methanol and ethanol in licorice extract 5) , water was used as a carrier solvent for standard solutions. However, water did not mix well with the analytes.
EG mixed well with water and did not give interfering peaks. However apolar solvents did not mix well with it. Diethylene glycol mono ethyl ether was another option. However, it produced a small interfering peak of ethanol. Finally, we decided to dissolve polar solvents in EG, and apolar solvents in diethylene glycol mono ethyl ether (stock standard solutions), and the stock solutions were diluted with EG to prepare standard solution mixtures.
(b) Sample preparation Powdered samples were dissolved, soaked or dispersed in water, left overnight, allowed to swell, and stirred, in order to facilitate the extraction of enclosed residual solvents. For most samples, in particular for polysaccharides, water extracted residual solvents better than, for example, EG, although a substantial amount was required, because the formed gel absorbed a lot of water. Dispersion, for example in EG, did not form a gel, but enclosed residual solvent was not well extracted. For vegetable (soy bean) lecithin, saw palmetto extract and paprika oleoresin, standard solutions prepared in DMSO were added, because EG did not mix well with these samples.
(c) Limit of quantitation (LOQ) For liquid samples, the LOQ was 6.25 mg/g for hexane, 7.5 mg/g for acetone, dichloromethane, 1,2-dichloroethane, 1,1,2-trichloroethene, and 12.5 mg/g for methanol, ethanol, 2-propanol, methyl acetate, diethyl ether, ethyl acetate and methylethylketone.
For powder samples, the LOQ was twice as much as for liquid samples, because the sample was diluted with water (0.2 g of sample in 1 mL of water), and head-space concentrations of residual solvents were, hence, lower than for liquid samples, even at a vial temperature at 60῍.
Some polysaccharides (chitin, chitosan, psyllium seed gum, hyaluronic acids) required water of 10 to 50 times the sample amount, even to be swelled. Since in headspace analysis, the concentration of solvent in the vapor phase in the vial is a function of the concentration of the solvent in the liquid in the vial, the water/sample ratio determines the detection limit. Accordingly, the LOQ was 2 to 10 times higher than for other samples.
For 0.2 g of sample in 1 mL of water, the detection limit was 25 mg/g for methanol, while for 0.2 g in 2 mL, it was 50 mg/g, and for 0.1 g in 5 mL, it was 250 mg/g.
For the determination of ethanol in liquid samples in the 2000 survey, direct injection into GC was used, and accordingly the LOQ was 1,000 mg/g. In the 1999 survey, ethanol was not measured.
(d) Disappeared solvents Ethyl and methyl acetate could not be detected in calcinated shell calcium, calcinated bone calcium or calcinated coral calcium (all the same manufacturer's products) in the 2001 survey, because standard solvents added to the sample disappeared, probably because these solvents have appropriate molecular sizes to enter the pores on the surface of these products῍ 3 , and so may have been captured in the pores.
(e) Calibration curves and repeatability Linearity of the calibration curves (rῌ0.99) was confirmed for each run, and only the calibration curves with rῌ0.99 were used. The repeatability of this method was expressed in terms of the standard deviations for five rounds of analysis of methanol in an aloe extract (tablet), and ethanol and acetone in a propolis extract (liquid). The standard deviations were 7.86, 5.21 and 1.43, respectively. Chromatograms of the head- 
Residual solvent levels in existing food additives
(a) Ethanol, methanol and 2-propanol The results of the survey are shown in Table 1 . Ethanol was found in many powder samples; some exceeded 1,000 mg/g suggesting that ethanol may have been used during the manufacturing process. Methanol, exceeding 50 mg/g was found in a-glucosyl transferase treated stevia, powdered stevia, purple yam color, grape skin color, rakanka extract, kaoliang color, purple sweet potato color and gardenia red. Since methanol is naturally present in volatile components of plants, and is a minor component of ethanol 3) , the origin of the methanol was not clear. Methanol was also found in gardenia blue. Since major compounds in gardenia blue 6) contain carboxymethyl groups, methanol is suspected to have been produced by hydrolysis of the carboxymethyl groups in the manufacturing process. 2-Propanol was found in psyllium seed gum. Since 2-propanol is often used for precipitate formation during the manufacturing process of polysaccharides, and limits for 2-propanol were set for some polysaccharides῍ 1) , detected 2-propanol was likely the residue of the solvent used.
(b) Acetone and ethyl acetate Ethyl acetate exceeding 50 mg/g was found in liquidtype propolis extracts and propolis products. Acetone was also found in them. In addition, acetal was found in these samples. These solvents were not found in the raw material of solid propolis. It is unlikely that several solvents were used during the manufacturing process. Since propolis extract is often matured for 2ῌ3 years in ethanol solution, and all these sample contained ethanol exceeding 50῍, the ethyl acetate, acetone and acetal were probably formed during the maturing process῍ 4), ῍ 5) . The origin of acetone and ethyl acetate found in tomato color, annatto color and cacao color may be residual solvent used in the manufacturing process 7), 8) . However the origin of acetone in grape skin color, rakanka extract and alkanet color, and that of ethyl acetate in hime-matsutake extract and purple yam color are not clear.
Comparison with specifications
(a) Food additives for which residual solvent limits are set in the specification The Japanese Food Sanitation law sets a limit for residual methanol in gardenia blue (0.1῍, referred to color value 50)῍ 1 . The detected methanol levels of 61ῌ 102 mg/g, corresponding to 0.001ῌ0.21῍ at color value 50, were far below the limit. Standards for manufacturing are applied to turmeric oreolesin, paprika color, spice extract, perilla extract and garlic extract. Residual solvent levels in these samples did not exceed the limits specified in the standards. 1 for a-glucosyl transferase-treated stevia, grape skin color, rakanka extract, psyllium seed gum, tomato color, purple sweet potato color, gardenia red and red cabbage color. However, methanol, 2-propanol, acetone and ethyl acetate were found in these samples. The origin of these solvents should be investigated, and if these solvents were used in the manufacturing process, limits should be set for GMP purposes.
(c) Food additives for which no specifications are set No legal specifications are set for powdered stevia, propolis extract, hime matsutake extract, purple yam color, grape seed extract, alkanet color, annatto extract, cacao color and kaoliang color. However, methanol, acetone and ethyl acetate were found. The origin of these solvents should be investigated as well, and if these solvents are used in the manufacturing process, specifications should include residual solvent limits. For cacao color, a limit for acetone (30 mg/g) is set in the Japanese Food Association's specification, and this was exceeded in some of the samples analyzed.
Resdual solvent in health food material
Methanol was found in some health food materials; aloe extract, chlorella powder, garcinia extract, ginkgou biloba leaf extract and plum extract. Acetone was found in chlorella powder. Since these solvents are naturally present in volatile components of plants 3) , their origin was not clear.
Use of hexane for the production of edible oil is permitted, and 46 to 90 mg/g of hexane was found in defatted soybean (a by-product of soybean oil, nῌ3). However no residual solvents were found in soy products (soy protein and vegetable sterol, which came from a di#erent manufacturer from that of the defatted soybeans).
In the notification issued by the Ministry of Health, Labor and Welfare of Japan in 2004῍ 6 , some health food materials were treated as "substance which is generally provided for eating or drinking as food and which is used as a food additive" and the use of organic solvents other than ethanol during the manufacturing process was accepted. Hence, residual solvent in these materials should be monitored, as well.
